Abstract-The directional coupler is an important device for the millimeter-wave applications such as the electron cyclotron system in the magnetic confinement fusion research. A coupling tunable D-band directional coupler was designed based on a novel coupling grid structure proposed in this paper. The designed directional coupler has excellent performance with ultra-wideband. The coupling can be tuned from -28.2 dB to -33.2 dB at 140 GHz by changing the angle of the coupling grid, and the dynamic range of the coupling is about 5 dB. The return loss is smaller than -15 dB in the whole D-band from 110 GHz to 170 GHz. A 3-dB coupler using the similar coupling structure was also designed. The coupling is 3.3144 dB at the center frequency of 140 GHz.
I. INTRODUCTION
The electron cyclotron wave (ECW) is very important in the magnetic confinement fusion research [1] . A long pulse electron cyclotron (EC) system with a goal of 140GHz/4MW/100-1000s is being developed to meet the requirement of steady-state operation on Experimental Advanced Superconducting Tokamak (EAST) in Institute of Plasma Physics Chinese Academy of Sciences (ASIPP) [2] .
Microwave directional coupler is a key microwave transmission and test device in the nuclear fusion plasma heating and in many other fields such as wireless communication, radar. Directional couplers can be implemented with a variety of transmission lines, such as rectangular waveguide, circular waveguide, stripline, microstrip line, and coaxial line. Among them, the rectangular waveguide is the most widely used transmission line suitable for transmitting waves from several GHz to several hundreds of GHz.
At present, the directional couplers suitable for waves from several GHz to several hundreds of GHz are mostly based on hole coupling [3, 4] , waveguide T-Junction [5] , etc. The bandwidth of the conventional design is usually small and the coupling is mostly fixed, which is inconvenient for ultra-wideband or large dynamic range applications.
In this paper, a novel ultra-wideband microwave directional coupler is proposed to remedy the defects of the conventional technology. The designed directional coupler has small return loss, good directivity, and the coupling can be tuned and the tuning range is large.
II. DIRECTIONAL COUPLER DESIGN
The designed D-band directional coupler is shown in Fig. 1 . The coupler includes three parts: the WR-6 rectangular waveguides, the matching structures, and the coupling grid structure that consists of five metal strips. The matching structure is a miter bend, which is to ensure that the wide side of the waveguide stays constant. The simulation results of the designed directional coupler are shown in Fig. 2 . The return loss is smaller than -15 dB in the whole D-band from 110 GHz to 170 GHz. The insertion loss S21 is greater than -0.55 dB in D-band and greater than -0.15 dB at the center frequency of 140 GHz. The coupling S31 changes from -28.2 dB to -33.2 dB at the center frequency with the angle of the coupling grid. The dynamic range of the coupling is about 5 dB. The directivity S31-S41 is greater than 9 dB in D-band and the directivity is greater than 16 dB at the center frequency of 140 GHz. The designed D-band directional coupler shown in Fig.  1 can be analyzed by the equivalent circuit, which is shown in Fig. 3 . Where Z 1 is the equivalent impedance of the input port, which is 495 Ω.
In order to ensure the matching of the transmission line, we have,
As can be seen from the simulation results, the coupler is nearly lossless, thus, B=0.
The injection power is,
When the angle of the coupling grid is 90° or -90°, the simulation results are as follows,
Therefore, the output power of other port is,
Using the above equations, we have, The assembly of the directional coupler for D-band millimeter-wave applications is designed too, which is shown in Fig. 4 . The flange adopts UG-387/U-M standard square flange. The flange and the metal shell are made of copper-plated material. Actually, we can also design the directional couplers used in other bands from several GHz to several hundreds of GHz based on the coupling grid proposed in this paper. The only thing we should do is to change the size of all structures.
As shown before, the coupling can be changed by changing the angle of the coupling grid. So we design a tuning mechanism shown in Fig. 5 . A putter is fixed at the edge of the metal strips, and the angle of the coupling grid can be controlled by controlling the forward or backward movement of the putter. The putter is made of dielectric materials with high hardness, such as Poly Tetra Fluoro Ethylene (PTFE). The movement of the putter can be realized manually or by using a stepper motor. When the putter moves back or forth and drives the coupling grid to rotate, it will be caused to move left or right, too. Therefore, an elongated slit needs to be formed at the position where the putter extends out of the coupler metal shell. There are shafts at the center of the two ends of each piece of metal strip, which are inserted into the holes in the metal shell to realize the rotating support of the metal strip. 
III. POWER DIVIDER (3-DB COUPLER) DESIGN
In the preceding section, a coupler with the coupling from -28.2 dB to -33.2 dB at 140 GHz is designed. Actually, we can design a 3-dB coupler use the similar coupling structure, which is shown in Fig. 6 . The angle of the coupling grid is set to -60°. All metal strips have the same thickness, which is 0.02 mm. The simulation results of the designed 3-dB coupler are shown in Fig. 7 . At the center frequency of 140 GHz, S21=S31=3.3144 dB. Actually, the center frequency can be changed by changing the distance of s1. This design has a wider bandwidth than that reported previously in the available literature [9, 10] . (15) = −.
(16) Therefore, the output power of other port is, = .
(17) = .
(18) = .
(19) The parameters of the equivalent circuit shown in Fig.  3 
IV. CONCLUSION
A coupling tunable D-band directional coupler is designed based on a novel coupling grid structure proposed in this paper for the EC system on EAST and the other millimeter-wave applications. The designed directional coupler has excellent performance with a wider bandwidth. It is suitable for ultra-wideband or large dynamic range applications. A 3-dB coupler using the similar coupling structure is also designed. The coupling is 3.3144 dB at the center frequency of 140 GHz. Actually, the directional couplers used in other bands from several GHz to several hundreds of GHz can also be designed using the coupling grid structure proposed in this paper.
